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Spin-glass transition in a model magnetic fluid: Electron spin resonance investigation
of Mn, sZn, sFe,0, nanoparticles dispersed in kerosene
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A zero-field-cooledZFC) electron spin resonan¢&SR) study of Mny sZn, sF6&,0, nanoparticle-dispersed
magnetic fluid exhibits an isotropic shift in resonance field below 50 K. Below this temperature the field-
cooled ESR spectréextured magnetic fluldexhibits an angle-dependent hysteresis behavior in resonance
field. The hysteresis effect diminishes above 60 K. In both the cases—i.e., ZFC and FC, the linewidth increases
rapidly below 50 K. The results has been analyzed in light of random field exchange anisotropy model
proposed by Martineet al. Using this model the surface spin-glass layer thickness has been calculated. The
value (3.8 A) agrees well with that obtained from small-angle neutron scattering experiri@Ats
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[. INTRODUCTION relation between the shift of the resonance field and line-
width with temperaturé® Several other workers have used
There is a great deal of evidence—like a peak in zerothe concept of spin-glass-like behavior in fine-magnetic-
field-cooled magnetization, high-field irreversibility in particle systems in order to interpret low-temperature ESR
M(H) curves, nonexponential relaxation behavior, etc.sSpectr&® ?° Recently, Koksharovet al?**® have studied
which indicate that a phase resembling a spin glass exists ISR spectra of iron nitride nanoparticles and shown that
a frozen nanomagnetic particle syst&.Jonssonet al* ~ below 40 K spectra reveal a sharp line broadening and a shift
have shown that due to dipole-dipole interactions in a con!" the resonance field. The observed linear falloff in the
centrated ferrofluid containing-Fe,0; particles a “spin- 2 Hpp With temperature is explained in terms of the random-
glass-like” phase may occur at a low temperature. Martineg'e'd model of exchange anisotropy.
et al® subsequently carried out magnetization measuremeqt In the pre_sent s_tudy we analyze results O.f ESR spectra of
of y-Fe05; nanoparticles in zero-field-cooleZFC) and fine magnetic particles of MysZne 76,0, ferrite dispersed
field-cooled (FC) states. From these measurements it WaIn kerosene. Thg spectra were recordeq at d|ff§rent te_mpe_ra—
. . ures. The zero-field-cooled sample exhibits an isotropic shift
concluded that there e.X'StS a surface s_pln-glass layer th resonance field below 50 K while the field-cooled sample
freezes aflg~42 K. Using the random-field model of ex- oypinits hysteresis in an angular variation of the resonance
change anisotropy the thickness of this layer was calculatele|y These results are discussed in terms of the thermal
and was found to be 6 AMore recently, Mamiyaet al®’  gependence of the exchange anisotropy field, which can be
have shown a critical slowing down of relaxation and a di-gescribed by the random-field exchange anisotropy model.
vergence of nonlinear susceptibility at a finite temperature inysing this model surface, a spin-glass-like layer of about 3.8
the frozen iron-nitride magnetic fluid. Effects of temperatureA thickness is estimated, which agrees with that obtained

changes on aging phenomena are interpreted using the dropom small-angle neutron scattering experimetits.
let model. Kodamaet al® have also interpreted their obser-

vations of magnetization of NiF®, nanoparticles at low
temperatures in terms of a surface spin-glass layer. Thus it is
now widely accepted that in a nano-magnetic-particle system The Mn, sZn, sF6,0, nanoparticles were synthesized by a
there occurs a cooperative freezing of spins at a finite temeoprecipitation technique followed by digestion. Analytical-
peratureTy as in a normal spin glass. Though in severalgrade reagents of ferric, manganese, and zinc chlorides were
aspect this “spin-glass”-like behavior is similar to that ob- used to prepare a solution containing Fezr?", and Mrf*
served in conventional spin glass, but a fine-magneticions in the appropriate proportion. This was mixed with an 8
particle system also behaves like a random anisotropy sysnol NaOH solution, which leads to coprecipitation of ferrite
tem unlike conventional spin glads. particles. After the precipitation, the suspension was kept for
Magnetization and Mssbauer measurements are mostlydigestion at 90 °C for 30 min. During this time, the particles
employed in above studies. The electron spin resonanagrew and transformed to the crystalline state. The crystalline
(ESR technique has been used to study metallic spin glassature was confirmed by the x-ray diffraction technique.
reentrant alloys, et®.*?Its use in the study of magnetic fluid Oleic acid was then added and the mixture was stirred for an
is comparatively a recent ord-?! From ESR data one can hour. The fluid was heated and peptized by adding a small
extract spin-glass correlation, the distribution of internalamount of dilute HCI. By magnetic sedimentation the oleic-
fields, etc? It is shown that like spin glass, in nanomagnetic acid-coated particles were separated. The suspension con-
systems also the linewidthAH ;) broadens and the reso- taining oleic-acid-coated particles was repeatedly washed
nance field H,) shifts towards low field with decreasing with double-distilled water and subsequently washed with
temperaturé>~%° Nagata and Ishihara have given a simpleacetone to remove the water. Ultimately, this acetone wet

II. EXPERIMENTS
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slurry was dispersed in kerosene and acetone was removedro remenance and coercivity. Assuming the log-normal
by heating. The fluid thus obtained was stable and turns intsize distribution and using Langevin’s theory, the magnetiza-
solid below 200 K. tion of such fluid is given by

A. Chemical analysis M:f M(D)P(D)d(D), 1)
The chemical composition of mixed ferrite was confirmed 0

by atomic mass absorption spectra. The resonance wave-

lengths used werk (Fe)=2483 A, \ (Mn)=2796 A, and\  Where

(zZn)=2193 A. The ratios of Fe/Mn, Fe/zZn, and Mn/Zn were

found to be 3.90.1, 3.9:0.1, and 1.6:0.1, respectively, M(D)zmé[cotr(a)_l/a], 2
which are very close to the theoretical ratios for respective

ions (4, 4, and 1, respectivelyln order to prevent agglom-

eration, particles were coated with oleic acid during synthe- a=(MyHV)/KT.
sis. The presence of coating was confirmed by IR spectros-
copy. HereV is the volume of the particléi is the applied mag-

netic field, k is the Boltzmann constant, arid is the do-
main magnetization of the particIMé is the fluid magneti-
zation, which is related to the domain magnetization by
The structure of the particle was characterized using an

B. Structural analysis

x-ray powder diffractometer. Figure 1 shows the x-ray dif- 1
fraction pattern of the particle. The pattern was analyzed
using Rietveld refinement prograthThe analysis confirms 0.81
the formation of single-phase cubic spinel structure. The par-
ticle size was determined by Scherrer’s formula {862 0.6
reflection. The average crystalline sizédiametefy and the g
lattice parameter thus obtained were 67 A and 8.450 = 0.4
+0.001 A, respectively. /
The morphology of the particle was confirmed by trans- 0.2]
mission electron microscopy images. The particles were al-
most spherical with an average diameter of 68 A. 0 : : : :
(i} 0.2 0.4 0.6 0.8 1

FIELD (T)

C. Magnetization measurement L .
FIG. 2. Room-temperature magnetization curve for the magnetic

The room-temperature magnetization curve for the magfluid sample. The solid line is fit to Eql) for Dg=67 A, o
netic fluid sample is shown in Fig. 2. The system exhibits=0.36, andM 4= 210 emu/cc.
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1_ 0.005
Ms=Maeb. ® 0.0041 60K
where ¢ =magnetic volume fraction and 0.0031
0.0021
P(D)d(D)=[Do(2m)Y3~ 1 T 0001
= o
X ex —{In(D/Dg)}?/202]d(D),  (4) S _0.001]
-0.002
whereo is the standard deviation of IDj, D is the diameter -0.003
of the particle, and Id,) is the mean value of ). The -0.004
solid line in Fig. 2 is the best fit to Eq1) obtain withD -0.005 \ - - - -
. 0 1000 2000 3000 4000 5000 6000
=67 A, 0=0.36, andV 4= 210 emu/cc. This value dfl 4 at @) Field (Gauss)
room temperature is lower than that of the bulk value for the
system. The reduced value of magnetization is a characteris- 0.03

tic of small particles>=4%8|n our earlier publicatio?t using

small-angle neutron scatteringgANS) experiments it was
found that in this system there exists a 3-A-thick surface 0.01-
layer on the particle, which does not contribute to the mag-

0.02-

netic scattering. Taking this thickness into account, the do- Lz ©
main magnetization was recalculated and found to be 278 E .
emu/cc, which is close to that of the bUlR83 emu/cqRef. )
41)]. -0.02-
Ill. ESR MEASUREMENTS 0.3
ESR measurements were carried out using the Bruker- 004 500 2000 3000 4000 5000 6000
ESR spectrometer operating at Arband frequency9-10 (b) Field (Gauss)

GHz). The original fluid has a volume fraction of 6% and . .
was diluted 100 times in order to decrease the interparticle FIG. 3. Typical low-temperature ESR pattern for the dilute mag-
interaction as well as to prevent the radio frequency field linenetic fluid under zero-field-cooled condition—i.e., randomly ori-
distortion. ented easy axis.

ESR measurements were carried out for the ZFC sample

and for the FC sample. For the ZFC sample the system wagH ,, with temperature is shown in Fig. 4. The resonance
first cooled in zero magnetic field from room temperature tofield is corrected using Eq5). The behaviors of these pa-
4.2 K and then ESR patterns were recorded by scanning th@meters are quite distinct in the two regions—vid), T
field. In order to freeze the position of the particles and to> 40 K and(ii) T<40 K. ForT>40 K the resonance field is
texture the medium for the FC sample, the system was firggonstant and the linewidth decreases with increasing tem-
cooled to 4.2 K in a dc magnetic field of 10 kOe. The spectrgyerature. Foff <40 K, the resonance field decreases with a
were then recorded during th e warming cycle. The anglegecrease in temperature while the linewidth increases rapidly
dependent ESR spectra were recorded by rotating the Dewahq saturates at about 10 K. A similar behavior was also
insert containing the FC sample at various angles with rereported by Koksharoet al?>%n the following an attempt

SpeCt to the app|led magnetiC field direction. is made to explain the above behavior.
At low temperature, the observed linewidtiAKi ) is

large(>1500 Og; therefore, one has to take into account the 3400

2000

relaxation phenomenon in the analysis. Considering the - Lt * 1

Landau-Lifshitz formulation and assuming that the observed s 1800
pattern is due to the superpositions of the microwave absorp- S 3000{ + | 1600
tion of identical ellipsoidal particle§.e., with the same form e e L1200 &
factor, magnetization, and relaxation facjorsne obtain& £ ol £
8 2600 , ! 1200 B
2 (= i H
1, 3[AHg g 24001 R 1000 2
Hress Hrest 7 6) 2 i 5

4\ Hier 8 2200] ! " . —»>  [800

Here H.,, HL, and H. are, respectively, the resonance 20001 i = . [600

fields without relaxation effect, with relaxation effect, and 1800 ’. . , {400

0 50 100 10 200"

reference resonance field. In the present case the reference
resonance field is 3400 Oe.

Figure 3 show ESR spectra recorded at various tempera- F|G. 4. Variation of resonance field(.) (+), after correcting
tures for the zero-field-cooled sample. It is seen that as Wer the relaxation effect using E¢6), and linewidth Hop () with
warmed the sample the lines sharpen and shift towards themperature for a randomly oriented easy axis sample. The vertical
higher field. The variation of resonance fielth,{) and dotted line shows the two different regioteee text

T(K)

224434-3



R. V. UPADHYAY, KINNARI PAREKH, AND R. V. MEHTA

PHYSICAL REVIEW B 68, 224434 (2003

(i) I;or T>40 K. According to magnetic resonance 1.2
theory? the resonance conqmqn for.fernmag'netl'c and fer- 11 - BB
romagnetic particles with uniaxial anisotropy is given by o6 o
. 7 "
H es=Her—HaP2(C0s0), (6) > 0.6 4 :

, , _ 0.4 >
where H,=anisotropy field,P,(cosé) is the second-order 0.0, "
Legendre polynomial, and is the angle between the axis of | -
th_e particle and field. According to E¢) for a completely 06 45 % 135 180
aligned systemH, for parallel (i.e., #=0°) and perpen- @) Angle (Degree)
dicular (i.e., #=90°) configurations is given by

1.2
Hredll) =Her—Ha (7 1 =T R
o
and 0.8 /B/Z y
\ O
> 0.6 o/ \
Hred 1) =Huert 3(Ha). ®) 0s| \g |
Thus, for the randomly oriented system, the average—i.e., 0.2 j S
([{2Hed L) +H,{l)}/3])—is equal toH ¢, which is con- Gi‘f , % rp: 1\80
stant. This deduction agrees well with the observed constant 45 >
' (b) Angle (Degree)

value of the resonance field far>40 K.

(i) For T<40 K. At temperature below 40 K {T) FIG. 5. Angular dependence variation of resonance field at 30
decreases while the linewidth increases with decrease in tempq g K for a field-cooled sample. The sample is cooled from 300

perature. In a large number of nanomagnetic particle systemg (j.e_, in the liquid stateto 4.2 K under a 10-kOe field, whede
such behavior is observéd.*It has been observed from the —[(g°)—H(0°)]/[H(90°)—H(0%)].

magnetization study that the strength of the dipole-dipole
interaction in certain magnetic fluids is of the order of 40
K.3*Hence dipole-dipole interactions may be responsible for
the observed effect in the present study. Considering thﬁ/herengspin-glass transition temperature.

value of the magnetic moment of the particle obtained from In order to corroborate the above inference ESR patterns

maggtzagizatic;n datq and thg volgme fractigre., '“,:_9'1 were recorded for the field-cooled samples. The fluid was
X102 Am?), the interparticle distancasfor the original  ;o51eq in a 10-kOe field from 300 to 4.2 K. In this situation
and dilute fluids are obtained as 16.3 and 65 nm, respeGpe anjsotropy axis of the majority of the particles will be
tively. These values give the magnitude of the dipolar 'nter'aligned along the field-cooled direction and the maximum

action beztweeg two n_eighboring particlt_e_s[Ed texture will be achieved. At 4.2 K the field was switched off
= (pol4m) u*Ikgr”, where u, is absolute permeability and after some time and ESR spectra were recorded for the
kg is the Boltzmann constahin terms of temperature as 13 warming cycle.

and 0.2 K, respectively for the origingl and dilut.ed fluids. Figure 5 shows the angular dependence of the resonance
Therefore, the observed shift iye{T) with decreasing’ or  fie|q at 30 and 80 K. The following inferences can be drawn
an abrupt change in linewidth just below 40 K does not seenyqm the figure.

to be caused by dipole-dipole interactions. Further, in the (i) At T=30K, if we change the anglé (i.e., the angle
present system, t%ese observed effects cannot be accounigdyeen the direction of the field during the cooling and the
by Nagate-Ishihard theory. On the other hand, it has been gjrection at which sample is positioned while recording the
observed that for a system with a spin-glass transition thggp spectrum the resonance field first increases and
ESR linewidth usually starts noticeably broadening below,agches a maximum at 90° thereafter. it decreases and

the spin-glass temperature. Therefore, in order to interprgla,ches a minimum at 180°. From 180° to 360%., revers-
the oztgszgrved behavior fdrs4(;9K3bwe assume with Gazeau g direction the H,.s changes, but does not come back to
et al”** and Koksharovet al.™" that the isotropic shift e original value. Such an irreversible phenomena in ESR

[HisozHref—Hres(Z_FC_)] _and an additional Iing broadening may be called an “angle-dependent hysteresis in resonance
occur due to the intrinsic spin-glass state which takes placge|q (Fig. 6).

on the surface layer of an individual particle. This state origi- (i) Further, it was found that af=30K, if we again

nates due to interactions between spins and results in an irﬂépeat the cycle, the system does not exhibit hysteresis, but

ternal magnetic structure. follows a sirf 6 law given by
Meiklejohn and Bealf have shown that uniaxial ex-

change anisotropy can exist in a field-cooled nanomagnetic
particle with a single-domain ferromagnetic core and antifer-
romagnetic surface. Martinezt al® have shown that the ex-
change anisotropy can be characterized by the effective field
Hg, which depends on the temperature as

He(T)=He(T=0)[1-T/Tgy], (€)

Hied ) —Hed 0°) i

Hred 909 _Hog0e) o ¢

(10)

(iii ) For T=60 K the sirt ¢ law is obeyed in both cases.
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Such an angle-dependent hysteresis in the resonance field 1.2

in a magnetic fluid is not observed earlier. 11 L®0 T_30K
The following questions may arise from the above obser- 0.8 =

vations: (a) At what temperature does this effect disappear? ’ - o

(b) Is this effect a surface effect or a volume effe@PWhat > 0.67 D"‘ *

is the origin of this effect? 0.4] =
To answer questiofa) ESR spectra for the field-cooled 02 ©

samples were recorded in the following manner. First, the 1

sample was cooled in the fie[d0 kOg from 300 to 4.2 K. G“d 45 90 135 180

The field was then switched off. Subsequently, the desired Angle (Degree)

temperature was attained and an angular dependence reso- ) o o

nance field was obtained. This procedure was repeated at F!G- 6. Angle-dependent hysteresis behavior in magnetic fluid

intervals of 10 K for each temperature from 10 to 80 K. It & 30 K for a field-cooled sampléLJ, increasing angle, decreas-

was found that the hysteresis behavior disappears above 5y angl, whereY=[H(6°)—H(0%)/[H(90°)~H(0%)].

K. Thus it may be concluded that some magnetic phase tran- . 45

sition is taking place below 50 K. Recently Chamberliret al.™” have observed a very un-
In order to answer questidb), let us first assume that the usual fegture in their diluted system 'of monod|sper§e Fe

hysteresis effect occurs due to spin disorder below 50 K i anoparticles. They have observed thiatbelow the spin

the whole volume of a particle similar to that in the ree”“""”tvr;iﬂnfné?iz?Fiﬁ;aﬁgi;iilgﬁme?aiﬁfeﬁzr?nwsaeﬁyap?gngro
spin glass. But it is known that in a reentrant system, the. . . ! X . )
pin g y euonal to the particle diameteiinconsistent with the Nai-

low-temperature spin-glass phase is much sensitive to th . T . :
externally applied field and the application of a 10-kOe fieldﬁrown mode]. This observed behavior is consistent with a

) . o : type of Casimir-Polder(CP) interaction expected between
during cooling makes it disappear. Hence in the present caﬁ

imilar behavior i dif th in disorder i lute nanometer-scale particles. In the following we have
too similar behavior is expected If the spin disorder is spreagyie o yse a similar concept to explain the observed behav-

throughout the volume of the particle. With this reasoningjo, of the linewidth, resonance field variation in the low-

the _folk_)wing expe_riments were performed. _ temperature region—i.eT,<50 K.
(i) First, the fluid was cooled in a 10-kOe field from 300 zEC pehavior In the zero-field-cooled condition, surface
to 4.2 K. spin freezes randomly, and if one assumes that a Casimir-

(i) The hysteresis behavior was ascertained at 30 K. pPolder interaction(which is attractivg exists between the
(i) The system temperature was raised to 60 K and thearticle surfaces, then a line broadeniag in the case of the

angular dependence resonance field was recorded and foudipolar interactiopand shift in resonance fieldle., isotropic

to obey the sifid law. shift) will be observed. These both effects are observed in the
(iv) At this temperature the sample still remains in tex-present caséFig. 4).

tured condition and we again cooled the sample from 60 to FC behavior In the field-cooled case the surface spins

4.2 K, but without applying a magnetic field. will be frozen, but they will be unidirectiondin the field-
(v) But now at 30 K the system followed the $ifilaw cooling direction. Therefore, now the surface-surface inter-
rather than the hysteresis behavior observed earlier. action is enhanced by directional moment freezing, which

From these observations one may conclude that the hyswill result in line broadening as well as a resonance shift, but
teresis behavior is not a volume effect. Similarly, it cannot benow the effects will be enhanced compared to that in the
due to the collective interactions because the hysteresis b@FC case. On rotation an additional coupling between par-
havior should reoccur when the FC sample was again cooleticles in the direction of the cooling field may give rise to a
from 60 to 4.2 K in zero field, if the dipolar interaction plays

a role. Now, if it is assumed that the surface spins freeze 4000
below 50 K, then the observed isotropic shift in the ZFC case
can be explained as the influence of the exchange anisotropy 35007 te = o+ ow i
field on the resonance condition. Following observations fur- S * e momom ="
ther support the above conjunction. 030001 + =& -
(i) As above, we have cooled the sample from 300 to 4.2 i
K in a 10-kOe field. The field was switched offi= 0 Oe) e
and the sample was brought to 60 K. g —
(i) At 60 K again we applied the 10-kOe fie{d may be 2 -
noted that the application of 10 kOe at 60 K is not going to " 1500k
affect the core, which is a highly ordered sjatend subse-
qguently cooled the sample to 4.2 K. 1000 : : .
(iii ) At 30 K the system again exhibited hysteresis behav- g 30 ;?2) 150 200
ior.
From these experiments it may be concluded that the ob- FIG. 7. Resonance field variation with temperature for the tex-
served effect is due to surface spin ordering. tured fluid.
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FIG. 9. Resonance field shifdH ) with temperature for the
textured fluid.

FIG. 8. Thermal variation of anisotropy fieldH() calculated
using Eq.(6), for the textured fluid. conjectures that the exchange anisotropy field only exists
when the surface spin-glass layer is frozen with a preferred

high value of the anisotropy. Accordingly, an abrupt increasélientation generated with the FC process. This may be the
in the anisotropy field below 50 K will be observégig. 8  €asOn why we did not observed hysteresis when we cooled
below). the previously FC sample from 60 to 3.5 K.

- 5
Thus it seems that CP interaction may explain isotropic Martinez etal” have used the thel%fy of an AF/F

shift in resonance field, increase in linewidth and increase iantiferromagnetic/ferromagneficsandwich™ to calculate

anisotropy field below 50 K. the surface spin-glass layer thickness using exchange anisot-

Hysteresis behaviott is not possible for us to explain the "OPY field values obtained from the experiment and the rela-

hysteresis effect on the basis of CP interactions. The hystelOn

esis effect was not observed for the FC sample during the

experimentgiv) and(v) referred to above. This indicates that 2(AnK )2

the hysteresis is possible only if it is assumed that the surface HE:T’ (1)
spins are frozen in a unidirection: i.e., the surface spins are FF

ordered.

Figure 7 shows the variation of resonance field for paralwhereK, and A, are the uniaxial anisotropy and exchange
lel and perpendicular configurations in the case of the texstiffness of the AF and/- andtg are the magnetization and
tured fluid. Again two distinct regions are observed. The anthickness of the ferromagnetic core. Using above theory, we
isotropy (H,) was calculated using Eq&l) and(8). TheH,  have calculated the surface spin-glass layer thickness. In our
monotonically decreases with temperatureTor50 K (Fig.  calculation we have used the value ok, as 5
8) while the variation is not smooth below 50 K, indicating x 10~ erg/cm(same as used in Ref) &nd other values are
that below ® K a surface spin-glass layer also contributes toK ,=8.4x 10* erg/cc, calculated from the experimental
the anisotropy. From anisotropy valug,. values were cal- value of anisotropic fieldMg (at 4.2 K)=7285 G3' Hg
culated for the textured magnetic fluigfig. 9). The linear =1500 Oe(Fig. 9), thickness of 3.8 A is obtained which
fall of (1—T/T.;) is observed fofT.;;=32 K. If we corre-  agrees well with the SANS resul¢8.0 A).3!
late this shift with the exchange anisotropy fieldd), then
the observed hysteresis behavior on the basis of the model
proposed by Martineet al® can be explained. IV. SUMMARY

Acco_rding to this model, the pe_lrticle.consists of a ferri- Using the ESR technigue, the surface spin-glass-like be-
magnetic core that changes its orientation by coherent ro.tah_avior is demonstrated in a textured ferrimagnetic fluid con-

tion plus a surface spin-glass-like layer that slowly relaxes 'n[aining nanomagnetic particles of Mn-zn ferrite. The ZFC

the direction of the field. When sample is the ZFC Statesam le exhibits an isotropic shift in the resonance field be-
below 50 K the surface spin-glass layer freezes. This causes P P

a temperature-dependent isotropic shift in the resonance fie 8WH5(00)K v_mge dt:tea '\:Ncérseag]np; fgg'gﬁstﬁgstt)zg:'sofbgzg\t?ﬁr
as well as a temperature-dependent linewidth. In the F e y 9

state, a preferred orientation is imposed upon the spin—glas@OdEIS'
like surface spins while the FM core remains in a highly
ordered state. As soon as the field is removed, the core ex-
periences the field generated by the frozen surface layer in

the same direction as that of the previously applied field. Part of this work was carried out under IFCPAR Project
This results in hysteresis iH,(60) as well as a shift irH, . No. 1586. We acknowledge with thanks the help and com-
The H, for the FC state vanishes above 32 K while thements given by Professor R. Massart and Dr. D. Zins and Dr.
freezing temperature of the spin is 50 K. This supports thd=. Gendron of P&M Curie University, Paris.
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